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In all advanced methods of nondestructive evaluation (NDE), emphasis 
is now placed on characterizing cracks and flaws in terms of their fracture 
mechanics parameters. The aim is to quantitatively predict fatigue 
and/or flaw life, rather than simply detect flaw presence. Eddy current 
(EC) testing now is beginning to move to a level of confidence when 
flaws not only can be detected, but fully characterized. This is due to 
more innovative probe design and higher sophistication in the inter-
pretation of quantitative probe data. 
Significant progress has been in the theoretical and practical 
aspects of EC testing. The theoretical problem can be divided into two 
parts. The first one is to calculate the electromagnetic field produced 
by the EC probe. This requires a solution of.Maxwell's equation for the 
particular boundary conditions. This problem is too complex for most EC 
probe configurations to be solved analytically. Therefore, finite 
element methods are used. The second part of the theoretical problem is 
to determine the impedance change produced by the Eddy current field 
perturbation due to the presence of a flaw. Auld [1] and Kincaid [2] have 
made a significant contribution to this area. However, solutions are 
available for a few flaw geometries and, for the most part, are limited 
to the case of a uniform interrogating electromagnetic field. 
This paper will present the application of the Uniform Field Eddy 
Current (UFEC) probe to EDM notches and fatigue cracks in the flat 
surface geometry. The experimental data will be interpreted using the 
recently developed analytical theory by Auld [3] . Novel inversion 
procedures to characterize EDM notches and fatigue cracks will be 
presented. 
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THEORY 
The actual signal in Eddy current flaw detection system is the 
change in impedance of the Eddy current probe. The relationship between 
impedance change and the perturbation of the Eddy current distribution 
(due to the presence of a flaw) is the cornerstone of Eddy current 
theory. Consequently, the Eddy current theory provides formulas relating 
these impedance changes to solution of the electromagnetic field problem 
of the probe-flaw geometry. The problem is solved by analystical methods 
or by numerical methods such as finite element, finite difference or 
integral equation approach. 
The analytical evaluation of flaw response for the Two-Dimensional 
problem has been achieved by Auld [l] for the ranges of a/o > 1 and 
a/o < 1, where a is the crack depth and o is the skin depth. For the 
special case in which the interrogating field applied to a flaw is 
spatially uniform in the vicinity of the flaw, the forward solutions are 
and 
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l\Zu is the impedance change per unit length 
Ho is the magnetic field strength in the absence of a flaw 
I is the driving current to the probe 
flu is the crack opening 
(la) 
(lb) 
A is the cross-section area of a flaw (equal to allu for EDM notches) 
ILIZI is the impedance magnetude change 
e is the impedance phase change 
a is the testpiece conductivity 
The analytical evaluation of flaw response for the Three-Dimensional 
problem in the uniform field case has been achieved by Auld [3] for the 
ranges of a/o > 1. The forward solution is 
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LIZ is the impedance change 
2c is the crack length 
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E0 and E1 are the coefficient (given in Table 1 for rectangular and 
semi-elliptical geometries) 
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Ml = ~ 1 is the calibration factor 
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Table 1. 
0 1 Values of -E and E Coefficients for Rectangular and Semi-
Elliptical Crack Geometries* 
a/c -:Eo l:l 
Rectangular 0.0100 3.0768 0.0393 
Crack Geometry 
0.0200 3.0869 0.0784 i _____ i} 0.0500 3.1146 0.1935 
~2c_J 0.0625 3.1247 0.2404 
0.1000 3.1533 0.3769 
0.125 3.1723 0.4646 
0.2000 3.2309 o. 7115 
0.3375 3.3402 1.1009 
0.4750 3.4336 1. 4094 
0.5000 3.4473 1. 4571 
0.6125 3.4949 1. 6425 
0.750 3.5221 1 • 8113 
1.0000 3.5132 1 .9978 
1.5000 3.4430 2.1320 
2.0000 3.4051 2.1610 
Semi-Elliptical .100 3.151 .24 
Crack Geometry 
.200 3.2157 .5469 
l::-,~A£ .3375 3.2965 .8609 
.4750 3.2709 1.2956 
.500 3.2687 1.3444 
.6125 3.2695 1 • 5561 
1.0 3.1794 1.9558 
* [3) 
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EXPERIMENTAL DATA COLLECTION 
The essentially Uniform Field Eddy Current (UFEC) probe shown in 
Fig. 1 was used to interrogate 2-D and 3-D EDM notches, and real fatigue 
cracks in flat surface testpieces. This probe was made from a 3/16" dia. 
ferrite-toroid with the core permeability p ~ 2000. The toroid was cut 
to create a 100 x 100 mil opening which was used to couple the n1agnetic 
flux in the toroid with the testpiece area to be interrogated. The toroid 
had a 100-turn winding connected to a HP4892 impedance analyzer. The 
magnetic field distribution of the UFEC is shown in Fig. 2, and was 
mapped by measuring the signal from a recess which was 5 mil deep and 34 
mil in diameter. The probe's impedance as a function of frequency is 
shown in Fig. 3. 
The goal of the experimental procedure was to interrogate a flaw of 
interest by an "essentially uniform field". Therefore, precise 
positioning of the UFEC probe with respect to the flaw became mandatory, 
i.e. the flaw had to be located in the area where the UFEC's interrogating 
field is the most uniform. The computer controlled robotic system shown 
in Fig. 4 was used to position a flaw into the UFEC probe interrogating 
field where the electromagnetic field was most uniform. The positioning 
accuracy was ±2 mil. The titanium testpiece shown in Fig. 5 was used for 
the EC system calibration, and for the EC data acquisition with respect 
to four rectangular and four semi-elliptical EDM notches. A typical 
EC system output (x-scan over four semi-elliptical EDM notches) is also 
shown in Fig. 5. The data were collected during a scan over a flaw. The 
scanning velocity was 3/8" per second. It is important to note that scan 
to scan data repeatability (for the same flaw) was much better than 1%. 
The following procedure was used to determine the impedance change 
(~Z) due to a flaw: 
o The UFEC impedance measurements (magnitude & phase) were made 
in a no-flaw area. The data were collected at frequencies from 
25 KHz to 1500 KHz; 
o The second set of data was collected when the UFEC probe was 
positioned over the flaw, and the flaw was interrogated by an 
"essentially uniform" electromagnetic field. Again, the data 
were collected at frequencies from 25 KHz to 1500 KHz; 
o The impedance change ~Z for each frequency was calculated as a 
vector difference between two sets of data. 
The UFEC probe calibration was carried out by measuring the 
impedance change due to a recess. For a recess of surface area A and 
depth d, the impedance change of a probe with a uniform field [3] is 
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The measurements were made for two recesses: one recess was in titanium 
testpiece (5.5 mil deep and 34 mil india), and another recess was in 
IN-100 (5 mil deep and 64 mil india). The experimental results are given 
in Table 2. The experiment has shown a remarkable agreement with the 
theory. At each frequency the phase change was the same for both 
recesses, and the magnitude change was inversely proportional to a 
material conductivity as follows from eq.(3). 
Table 2. Calibration of Uniform - Field Probe Using Recesses in INlOO 
and Ti 
_., 
-> 
w M for IN100 M for T1 
{KHZ) 
5 mil deep J 5. 5 mil deep 1 IN100 Recess T1 Recess 
6~.m11 india. 6 3~ mil in dia 5 
a • 1.10 x 10 s/m a • 8.06 x 10 s/m 
n:i'l X 100 eo rMI X 100 eo 
25 1. 75 - 30.6 
50 2.30 15~.58 
75 2.20 170.77 
100 2.63 132 3.~~ 133.00 
250 ~.1 120.61 ~.87 117.16 
500 5.2 107.70 6.63 107.8~ 
750 8.2 97.00 9.28 100.95 
1000 12.1 93.00 16.5 92.65 
1200 19.2 8~.6~ 25.2 8~.87 
1 ~00 42.20 71.16 55.0 71.10 
1500 77.~8 56.4~ 97.0 55.55 
COMPARISON THEORY AND EXPERIMENT 
The UFEC system was used to determine the depth of 2-D and 3/8"-long 
EDM notches in IN-100. The EDM notch widths were known: 5 mil, 10 mil, 
25 mil, and 100 mil deep notches were interrogated. 
The 10 mil-deep EDM notch was used for calibration at 1500 KHz. 
Eqs. (la) and (lb) were used for inversion of the Eddy Current data. 
Table 3 gives the inversion results (the EDM notch depths) of each EDM 
notch at frequencies from 250 KHz to 1500 KHz. The inverted results are 
in excellent agreement with the actual depths of notches. It is important 
to note that this agreement is equally valid for the cases when 
a/o > 1 and a/o < l. 
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Table 3. 2D EDM Notches in INlOO Interrogated by UFEC Probe 
Inve~ted Data fo~ 
5, 10, 25 and 100 mil deep 
20 EDM Notches 
w 
(KHZ) 5 mil 10 mil 25 mil 100 mil 
250 5.4 12.0 23.0 94 
500 5.4 11.0 26.3 92 
750 5.5 10.6 27.0 92 
1000 4.81 10.2 30.0 98 
1400 5.01 10.3 28.2 102 
1500 4.93 10.02 28.0 100 
The next step was to apply UFEC probe to 3-D EDM notches and real 
fatigue cracks in a flat surface geometry. Eq. (2) gives the forward 
solution for rectangular and semi-elliptical notches. The notches and 
fatigue cracks were interrogated at different frequencies. The experi-
mental results and corresponding theoretical values for the impedance 
changes related to these testpieces are given in Table 4. Again, an 
excellent agreement between the experimental results and the theory was 
observed in a case when a/o > 1. It is important to note that: 
o the entire flaw or crack lengths were less than the 
"essentially uniform" area of the UFEC probe; 
o the semi-elliptical theory was used to calculate the 
theoretical impedance change due to real fatigue cracks; 
o the calibration factor used to calculate the theoretical 
values of j6Zj was chosen to be two times larger than the 
theoretically predicted calibration factor; 
o the excellent agreement between the theory and the experiment 
at different frequencies confirms the soundness of the 
physical model used to derive the analytical equation in a case 
of a/o > 1. 
INVERSION 
As it was shown above, excellent agreement exists between the Eddy 
current data collected using the UFEC probe and the uniform field theory 
for a case of a/o > 1. Therefore, the author feels that eq. (2) can be 
used as a cornerstone for inversion of Eddy current data. 
The experiments have also shown that it is possible to determine 
quite accurately a crack's length and width using the Eddy current 
imaging procedure when the UFEC probe scans normal and parallel to a 
crack. The crack's length and width should provide an accuracy of 
"' ±2 mil. 
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Table 4. Comparison of the Uniform Field Theory (a/o>l) with the UFEC 
Experimental Data 
I L\zl IL\zl c a u w Theory Flow (mil) (mil) (mil) (KHZ) all) Experiment (calculated) Description 
39 22 9 1500 1.17 185.7 180 Rectangular 
1400 1.13 98.0 97.6 
1200 1.04 40.1 40.7 
41 42 9 1500 2.31 343 276 Rectangular 
1400 2.23 149 181 
1200 2.06 62 74 
1000 1 .88 39 36 
750 1.63 20 17 
500 1.33 10.6 9.5 
22 19 4 1500 1.17 64.6 67.8 Rectangular 
1400 1.13 34.5 37.4 
1200 1 .04 14.0 16.3 
42.5 41 9 1500 2.31 305 293 Elliptical 
1400 2.23 161 158 
1200 2.06 65.6 65.3 
1000 1.88 34.2 37.4 
750 1.63 17.1 17.5 
500 1.33 9.1 9.7 
45.7 31 1 1500 2.07 202 194 Fatigue 
1200 1.86 46.7 42.2 
1000 1.69 26.6 23.7 
750 1.46 13.7 14.8 
500 1.20 7.8 7.1 
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The following real time inversion procedure is proposed: 
o Data acquisition by scanning the UFEC probe normal and 
parallel to a flaw; 
o Determination of a crack's length and width from the "imaging" 
obtained using the UFEC scanning technique; 
o Determination of the crack's depth from the analytical 
(forward) uniform field equations (a/8 > 1 case) using 
a) 2-D inversion procedure for long cracks or 
b) the curve fitting procedure by varying Lo and Ll 
coefficients for short cracks 
o Repeating the interrogation at another frequency in order 
to validate the inversion results. 
CONCLUSION 
The UFEC technique was applied to 2-D and 3-D EDM notches and to 
real fatigue cracks in a flat surface geometry. The agreement between 
the uniform field theory developed by B. Auld and the experiment was 
demonstrated in the case where a/8 > 1. The preliminary results indicate 
the possibility to characterize in real time fatigue cracks and EDM 
notches using the proposed inversion procedures. Further studies are 
required to extend the uniform field theory and the UFEC technique to 
the cases where a/8 ~ 1, and to complex sutface geometries. It is 
expected that the UFEC technique described here will find many 
applications in the non-destructive testing of a variety of materials: 
the retirement for cause program, welding applications, etc. 
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